ABSTRACT: This study is to evaluate various low-Reynolds number turbulence models for predicting turbulent mixed convection heat transfer of supercritical water. Six low-Reynolds number turbulence models including ABID, LB, LS, YS, AKN and CHC have been considered, and the results were compared directly with the recent available experimental data. The results show that all models except LS are to some extent able to reproduce the wall temperature variation involving an initial heat transfer deterioration followed by a subsequent heat transfer recovery. The heat transfer deterioration is almost entirely due to the turbulence production caused by the distortion of the flow as a result of the influence of buoyancy. Moreover, the recovery of heat transfer is due to the decrease of buoyancy force after heat transfer deterioration.
INTRODUCTION
The use of supercritical water appeared to be rather attractive for steam generators in 1950s when applied to increase the thermal efficiency of fossil-fired power plants and to avoid the problem of thermal crisis occurring at pressures below the thermal critical value. Extensive studies on heat transfer of supercritical fluid flow have been conducted over the past 60 years, and many empirical correlations have been developed for predicting heat transfer coefficients to compute the rate of heat transfer to supercritical pressure fluid. However, they generally did not predict the observed behaviour accurately [1] [2] [3] .
There is a large amount of experimental evidence for both local enhancement and local deterioration in turbulent mixed convection heat transfer [4] . The flow field and turbulence structure can be strongly affected by the sharp variations of supercritical water properties, leading to unusual heat transfer phenomenon, heat transfer enhancement or deterioration. The majority of these experiments used supercritical pressure water or CO2 flowing in uniformly heated vertical tubes or annuli, and provided the axial distributions of wall temperature and heat transfer coefficient. Results from these early experiments showed the very complicated features of mixed convection heat transfer to supercritical fluid, especially for upward flows.
Kurganov and Kaptilnyi [5] provided experimental data of flow field, heat transfer coefficient and hydraulic drag of supercritical pressure CO2 flowing in a heated vertical upward or downward tube at very high Reynolds numbers. They suggested that a relative deterioration of heat transfer in the case of upward flow, manifested by the development of a wall temperature peak, is attributable to the rearrangements of the flow velocity field and shear stress distribution. They also found that the M-shaped velocity profile in upward flow favors the enhancement of heat transfer. Due to the measurement technique limitation and the cost associated with experimental work at supercritical pressure, there are very few detailed experimental data for the flow velocity and temperature profiles for supercritical pressure flow. This has limited the understanding of turbulent mixed convection heat transfer at supercritical pressure using the limited information available from the measurements.
Numerical investigations using computational fluid dynamics (CFD) codes have demonstrated a success to some extent, by which the prediction of flow field and turbulence structure can be attained and the correlations suitable for engineering applications can be developed. He et al. [6] [7] [8] [9] and Jiang et al. [10] [11] [12] investigated turbulent mixed convection heat transfer of CO2 at supercritical pressure using low-Reynolds number turbulence models. The results showed that all models were able to simulate the general trend of heat transfer deterioration (HTD) due to strong buoyancy influence exhibited in experiments, but these selected models performed significantly differently in predicting onset and magnitude of the HTD. Sharabi et al. [13] made simulations for prediction of three-dimensional turbulent heat transfer to supercritical pressure CO2 flowing upward through heated square, circular and triangular channels. The results showed that the low-Reynolds    models were able to qualitatively predict the effects of buoyancy on heat transfer enhancement or deterioration, though they tended to overestimate the temperature excursion after the onset of deterioration. Wen et al. [14] numerically studied HTD phenomenon using six turbulence models, i.e., AKN, YS, CHC, ABID, V2F and SST, to provide detailed information on the flow field and turbulence structure in vertical tubes. The results showed that all low-Reynolds models considered are to some extent able to reproduce the influence of buoyancy force on heat transfer. But all    models over-predicted the heat transfer deterioration and did not reproduce the subsequent heat transfer recovery. The V2F and SST models performed better than other models in predicting the onset of heat transfer deterioration.
It has become clear from the recent computational studies reviewed above that, under a quite wide range of conditions, suitably selected turbulence models can reproduce the general trend of heat transfer enhancement or deterioration exhibited by experiments of supercritical pressure flows, but detailed comparison with experiments and the consistency of performance can vary significantly from model to model and for the same model, from condition to condition. The near-wall method of low-Reynolds number turbulence models is very important to enable the model to reproduce the influences of buoyancy force and flow acceleration due to large variations of fluid properties. Due to technical difficulties associated with heated supercritical pressure flows, the majority of experiments provide only heat transfer data. Very little have been done in obtaining detailed information on the flow and turbulence for supercritical pressure flow. This has made it difficult to understand why turbulence models perform the way they do and to improve their performance and develop better models. In addition, most of the previous studies have been focused on supercritical fluid in small diameter vertical tube; thus, more studies need to be undertaken for the relative large diameter vertical tube which has been used in the supercritical boiler.
In this study, mixed convection heat transfer to supercritical pressure water flowing upward through a uniformly heated vertical tube is numerically investigated. Six classical low-Reynolds number turbulence models which can generally predict the trends of heat transfer deterioration phenomenon in previous studies are tested and the numerical results are compared directly with the experimental data. The purpose is to evaluate the performance of six low-Reynolds number turbulence models in terms of their ability to predict heat transfer to supercritical pressure water in a relative large diameter vertical tube. Detailed information on the flow field and turbulence structure was obtained to better understand the mechanisms of heat transfer deterioration.
MODEL AND METHOD

Governing equations and turbulence models
The flow is considered to be steady, single-phase and axisymmetric in a vertical tube. An elliptic computational formulation has been used to solve the governing equations for an axisymmetric turbulent flow and heat transfer, which are developed from conservation laws of physics. Such a formulation allows turbulent flow with strong distortions of the flow velocity field to be simulated.
In the present study, six    type low-Reynolds number turbulence models, which were proposed by Abid (ABID) [15] , Launder-Sharma (LS) [16] , Lam-Bremhorst (LB) [17] , Chang-Hsieh-Chen (CHC) [18] , Yang-Shih (YS) [19] and Abe-Kondoh-Nagano (AKN) [20] respectively, have been chosen.
Numerical method
The complete computational domain, which covers the whole unheated and heated lengths of the test section and ranges from the centre of the tube to the inner wall, was discretized into a mesh of grids, typically 300 × 600 (radial × axial). The mesh was refined in the radial direction toward the tube wall. It was also refined in the axial direction in the region where the heating commences. To capture the large variations of flow field variables, preliminary calculations were performed to check the sensitivity of calculation results on the mesh structure. The greater number of the grids did not improve the results any further. The mesh was adjusted in each individual run to ensure that the near-wall flow features were properly re-solved. In the low Reynolds number    models, the grids should fully cover the flow near the wall. To satisfy this requirement, the y + value at the first node close to the wall was chosen to be less than 0.5 [7, 11] .
The staggered grid arrangement was used for the storage of the variables. The scalar parameters were defined at the grid points and the velocity components were defined on the control volume surfaces. The QUICK scheme was used to discretize the momentum and energy equations. Considering the numerical stability of supercritical fluid, the second order upwind scheme was used for other transport equations. The SIMPLE scheme was adopted for coupling the pressure and the velocity field. The convergence criterion for normalized residual of individual equation was set to be less than 10 -6 .
RESULTS AND DISCUSSION
Experiments simulated
The experiments considered in this study were carried out in the high-temperature and high-pressure flow test loop built at Xi'an Jiaotong University. Experimental results were obtained with water flowing upward through a uniformly heated vertical tube at supercritical pressure. In the experiments, the test section was a thin wall smooth tube with an internal diameter of 26mm. The heated part of the test section was 2m, and the unheated section before the heated section was 0.85m. More experimental details can be found in Ref. [21] . The experimental conditions simulated are as follows: the pressure at the inlet of the test section is 26MPa; the mass flux of the water is 600kg/m 2 s; the heat flux on the inside wall of the tube is 350kW/m 2 and the inlet temperature is 550K. Under this condition, severe heat transfer deterioration phenomenon was observed in the experiments. Figure 1 shows the axial variation of the wall temperature predicted by various turbulence models together with the experimental data, where the wall temperature is plotted against the bulk enthalpy. It can be seen that the experimental wall temperature increases smoothly at first and then exhibits an abrupt increase when Tw reaches Tpc. After the temperature peak where the bulk enthalpy is about 2100kJ/kg, Tw decreases rapidly along the tube. Clearly, heat transfer deterioration phenomenon occurs as the wall temperature is higher than pseudo-critical point temperature Tpc and the bulk fluid temperature is lower than Tpc. As shown in Figure 1 , all models except LS models are to some extent able to reproduce the general trend of the wall temperature variation. The LB, AKN and YS models perform better than others in terms of the prediction of heat transfer deterioration onset. The ABID, YS, AKN and CHC models all over-predict the wall temperature in the heat transfer deterioration region. It is interesting to note that heat transfer deterioration and recovery are actually very well reproduced by the LB model. . Thus, according to the above mentioned criteria, the influence of flow acceleration on heat transfer can be neglected and the heat transfer deterioration is caused mainly by the buoyancy force.
Prediction of wall temperature
The effect of buoyancy force on heat transfer can be further studied by considering the Nusselt number ratio of mixed convection flow to forced convection flow regardless of the influence of buoyancy force. The reference Nusselt number Nuf is calculated using the modified Krasnoshchekov and Protopopov semi-empirical correlation [22] . The Nusselt number ratios calculated using the LB, AKB and YS models and from the experimental data are shown in Figure 3 .
The LB, AKB and YS models all reproduced the severe heat transfer deterioration in Figure 3 . The effectiveness of heat transfer falls to about 25% of that for forced convection, resulting in severe heat transfer deterioration. The heat transfer deterioration predicted by LB model occurs in the enthalpy range of 1800~1900kJ/kg, which is in good agreement with the experimental result. Moreover, the heat transfer recovery calculated using LB model appears in the enthalpy range of 2000~2400 kJ/kg, while heat transfer recovery obtained by the measuring result also begins in this range. The AKN model predicts Nu decrease too early, and the AKN and YS models predict Nu recovery too suddenly. Therefore, the LB model performs the best in predicting the variation of Nu. 
Flow field and turbulence structure
The heat transfer deterioration phenomenon can be explained with the help of the simulation results. As shown in Figure 3 , seven axial positions are selected to present more details of the flow field and turbulence structure. P1 and P2 are selected from the normal heat transfer region and P3 and P4 is chosen from the heat transfer deterioration region. In addition, P5 and P6 are arranged in the heat transfer recovery region. Figure 4 shows the predicted radial distributions of fluid temperature, specific heat and density at several axial locations using the LB model. To facilitate the present discussion, the large-property-variation (LPV) region will be specified by specific heat over 8.4 kJ/(kgK). To measure the effective thickness,  is defined to express the distance from the wall.
It can be seen from Figure 4 (a) that the temperature gradient mainly located within a narrow layer very close to the wall. Under the condition in normal heat transfer region /R is about 4×, while the value is about 0.01 in the heat transfer deterioration region. Figure  4 (b) and Figure 4(c) show the specific heat and the density radial distributions at different axial locations. At locations P1 and P2, the LPV is located within a narrow layer very close to the wall and the density of the fluid varies extremely sharply in the vicinity very close to the wall. The variation of density might imply a strong local buoyancy influence leading to unusual heat transfer. However, there is no significant effect on the wall temperature distribution due to that the influence is limited to the viscous sub-layer. At locations P3 and P4, the LPV region moves away from the wall to a certain region. The density first increases slower near to the wall as a result of the steep gradient of fluid temperature, however a sharp variation of density occurs over the LPV region in the vicinity of the pseudo-critical temperature. The lighter water occupies the near-wall region while heavier water stays in the core flow region at this location. Consequently, the large buoyancy force is experienced by the fluid in the viscous sub-layer and buffer layer regions and therefore leads to heat transfer deterioration. At locations P5 and P6, the LPV region moves further away from the wall and the gradient of density variation is only deep very close to the wall where /R is about 2× . For a normal fluid, the maximum variation of fluid properties always occurs near the wall where maximum temperature gradient occurs. As can be seen in Figure 4 , however, the sharp change of supercritical fluid properties occurs in the LPV region, which can be at a certain region away from the wall. This is a special feature for supercritical pressure fluid due to the sharp properties variation in the LPV region. Figure 5 shows the radial distributions of the velocity under the influence of buoyancy force. At the location P1, the velocity profile is a typical forced convection type where the influence of buoyancy force can be neglected. The influence of buoyancy is evident at locations P2. However, low buoyancy action leads to a flattened velocity profile and less impairment of heat transfer. At the locations P3 and P4, the distortion of the velocity profile due to buoyancy effect is well captured, and high buoyancy action gives a typical M-shaped velocity profile. At locations P5 and P6, the influence of buoyancy force decreases again and the variation of the velocity in the region near the wall is gradual. The buoyancy force caused by density variations with temperature has a significant effect on the flow velocity gradient in the near-wall region where  /R is about 0.15.
(a) (b) Figure 6 . Predictions of Nusselt number ratios. Figure 6 and Figure 7 show the radial distributions of turbulent kinetic energy and turbulent shear stress, respectively. The turbulent kinetic energy and turbulent shear stress continue to reduce with the increasing influence of buoyancy force (as shown in Figure 2 ). The prediction of turbulent kinetic energy shows a peak in the region very close to the wall where  /R is about 5× 3 
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 and then reduces gradually to a minimum value as the  moves away from the wall to the region where  /R is about 0.1. As the buoyancy force further increases at the location P3, the turbulent kinetic energy significantly reduces where  /R is about 5× 3 
 , and turbulent shear stress also be severe suppressed all over the region. The velocity distribution significantly affects the turbulent characteristics, thus it subsequently changes the heat transfer behaviour, which is consistent with the wall temperature distribution shown in Figure 4 (a), resulting in heat transfer deterioration. Proceeding downstream, the turbulent kinetic energy and turbulent shear stress start to recover and greatly reduce the wall temperature to normal level. It is interesting to note that turbulent shear stress in the core region remains relatively low, leading to high values of turbulent kinetic energy under all conditions as shown in Figure 6 and Figure 7 . Especially at the location P3, the turbulent shear stress is negligible over all region of the tube and more turbulent kinetic energy is produced over a large region of the core. However, this result contradicts with the simulations of normal fluid where the turbulence is relatively low in the wall region and is mainly generated within the core in the recovery regime. Figure 8 shows the radial distributions of the ratio of turbulent and molecular viscosity predicted by using the LB model. The results demonstrate the growth of the viscous layer in the region near the wall. At locations P1 and P2, the turbulent viscosity reduces with increasing influence of buoyancy force in the region near the wall where  /R is about 0.02 while in the core region the turbulent viscosity shows a continuous increase compared to molecular viscosity. With the further increase of buoyancy force, the normalized turbulent viscosity (the ratio of turbulent and molecular viscosity) reduces nearly to zero in the near wall region where  /R is about 0.01 at the location P3. Proceeding downstream (at location P4), the region of zero normalized turbulent viscosity becomes small, which indicates that turbulence recovery occurs. At the locations P5 and P6, the turbulent viscosity returns to the normal level.
CONCLUSIONS
Numerical simulations of turbulent mixed convection heat transfer have been performed to investigate heat transfer deterioration phenomenon to supercritical pressure water through a relatively large diameter vertical tube. Six two-equation low Reynolds number turbulence models, i.e., ABID, LB, LS, YS, AKN and CHC, were compared with measurements to assess the ability of the turbulence models to reproduce the variation of wall temperature exhibited in the experiment.
All considered models except LS are to some extent able to reproduce the wall temperature trend exhibited by the experiment involving an initial heat transfer deterioration followed by subsequent heat transfer recovery. The LB, AKN and YS models perform better than others in predicting the onset of heat transfer deterioration. In addition, the heat transfer deterioration and recovery are actually very well reproduced by the LB model, which also provides the best agreement with experimental data to reproduce the variations of Nu/Nuf due to the influence of strong buoyancy force.
The change of velocity with the various buoyancy force is well predicted in this simulation. The buoyancy force caused by density variations with temperature has a significant effect on the flow velocity gradient in the near-wall region where  /R is about 0.15.
The trend of turbulence reduction and regeneration is well captured as the buoyancy force changes. When heat transfer deterioration occurs as the buoyancy force increases to a certain value, the turbulent kinetic energy and normalized turbulent viscosity significantly reduce and turbulent shear stress also be severe suppressed all over the region.
Under the conditions of the present study, the heat transfer deterioration is almost entirely due to the turbulence production caused by the distortion of the flow as a result of the influence of buoyancy. Moreo-ver, the increasing effectiveness of heat transfer is due to the decrease of buoyancy force in the recovery regime after heat transfer deterioration.
